Abstract. A major step for the validation of medical drugs is the screening on whole organisms, which gives the systemic information that is missing when using cellular models. Caenorhabditis elegans is a soil worm that catches the interest of researchers who study systemic physiopathology (e.g., metabolic and neurodegenerative diseases) because: (1) its large genetic homology with humans supports translational analysis; (2) worms are much easier to handle and grow in large amounts compared with rodents, for which (3) the costs and (4) the ethical concerns are substantial. Here, we demonstrate how multimodal optical imaging on such an organism can provide high-content information relevant to the drug development pipeline (e.g., mode-of-action identification, dose-response analysis), especially when combined with on-chip multiplexing capability. After designing a microfluidic array to select small separated populations of C. elegans, we combine fluorescence and brightfield imaging along with high-throughput feature recognition and signal detection to enable the identification of the mode-of-action of an antibiotic. For this purpose, we use a genetically encoded fluorescence reporter of mitochondrial stress, which we studied in living specimens during their entire development. Furthermore, we demonstrate real-time, very large field-of-view capability on multiplexed motility assays for the assessment of the dose-response relation of an anesthetic.
Introduction: Optical Imaging of Caenorhabditis elegans in Microfluidic Chips
To study human physiology, researchers often have only access to cells or tissues, which are unable to give complete information about the organism as a whole. To get insight of systemic responses to treatments, scientists, therefore, perform studies on entire organisms, such as mice, rats, or monkeys. In this case, ethical concerns rise and, from a practical point of view, these animals are expensive and their handling is labor-intensive. Thus, these studies cannot involve a high number of specimens, which prevents any high-throughput experimentation. Among the organisms of interest that could compensate these aspects, Caenorhabditis elegans is a soil worm of very little size (≈1 mm) that possesses many features to be employed as a model in compound screening: (i) it is small and simple to grow at little expenses, (ii) the current ethical concerns associated with it are much less restrictive than with rodents, (iii) imaging is straightforward thanks to its transparency, (iv) many orthologues of human genes are known in its genome, 1 (v) its genetic manipulation is readily accessible and mastered (e.g., siRNA 2 ), (vi) its developmental stages are well known and characterized, 3 and (vii) many data on its physiology are reported in curated databases. 4, 5 All these aspects make C. elegans a suitable model organism for high-content studies of systemic physiopathology 6 when looking for candidate drugs 7 or targets, 8 while maintaining the throughput facet. 9 Crucial findings have already been obtained using C. elegans to develop therapeutic strategies for, among others, Huntigton's disease 10 and molecular inhibitors of β-amyloid aggregation in Alzheimer's disease. 11 The development of assays to optically image and manipulate nematodes on chip has grown fast in the last decade. 12 For instance, high-resolution fluorescence imaging was achieved for the study of neuronal synapsies 13 and protein aggregation in muscles 14 during nematode development on-chip. Using patterned microfluidic chambers and channels to isolate worm specimens on chip, bright-field imaging has been exploited for development 15 and movement analysis during aging, 16 chemical treatment, 17 or electrical stimulation [gupta] . Localized optogenetic stimulation of chemosensory neurons was performed thanks to precise confinement of C. elegans specimens in narrow channels. 18 However, as organisms can give large amounts of systemic information, combination of such modalities in a chip with multiplexing capabilities would be extremely advantageous for high-content screenings in drug development. 19 For this purpose, we demonstrate here how multimodal imaging on a well-designed microfluidic chip for multiplexed analysis on C. elegans can provide quantitative findings on some crucial steps of the drug validation pipeline, such as mode-of-action identification and dose-response analysis.
Methods

C. elegans Strain and Culture
C. elegans strain was cultured at 20°C on nematode growth media (NGM) 90-mm Petri dishes seeded with the Escherichia coli strain OP50 (RRID = WB-STRAIN:OP50). The strains used in this study were wild-type Bristol N2, for the tetramisol study, and SJ4100 (zcIs13[hsp-6::GFP]), for the doxycyclin study, and were provided by the Caenorhabditis Genetics Center (University of Minnesota). Worms were suspended in S-medium solution prior to each microfluidic experiment.
Image Acquisition and Processing
For the mode-of-action study, we used an inverted microscope (Axio Observer, Zeiss) equipped with a 5× objective and two illumination systems: (i) a precisExcite High-Power LED illumination system (Visitron, Puchheim, Germany) for brightfield imaging and (ii) a Lambda DG4 illumination system (Sutter Instruments, Novato, California) for fluorescence imaging. The microscope had a motorized x − y-stage and the automated imaging process was controlled using VisiView Premier Image acquisition software (Visitron, Puchheim, Germany). Images were acquired with a Hamamatsu Orca-ER CCD camera (Hamamatsu, Solothurn, Switzerland). Bright-field and fluorescence exposure times were of 2 and 5 ms, respectively. A sequence of pictures (2 per chamber) was taken every 20 min. Image processing was performed with Fiji software. 20 For the motility analysis, the same bright-field system was used, and images were recorded at a frame rate of 400 fpm. For doseresponse analysis, we used a stereomicroscope (SteREO Discovery.V8, Zeiss, Germany) coupled with an 0.5× objective to image the entire chip at once. Back-illumination had a ring shape to enable contrast enhancement in a dark-field mode. Images were acquired with a Hamamatsu Orca-ER CCD camera (Hamamatsu, Solothurn, Switzerland). Exposure time was 10 ms. Images were recorded every 250 ms. Images with very large field-of-view were analyzed manually, whereas for real-time movement tracking, we retrieved the medial axis of each C. elegans individual using a custom-open spline-based active contour algorithm. 21 Active contours consist of a flexible curve that automatically deforms from an initial position in the image toward its target, which is here the medial axis of each nematode. The curve deformation is the result of the minimization process on an appropriately designed cost function. Our active contours are constructed using a Hermite-based model 22 with six control points to define the curve. Their associated cost is a combination of texture-based and ridge information that allow identifying candidates nematodes. Ridge detection is carried out with steerable filters, 23 which also provide local orientation information. The latter increases robustness in a medial axis search in situations where several C. elegans are in close contact, which happens regularly in our data. This spline active contour construction provides an efficient and compact representation of each C. elegans: continuous medial axes are constructed from few parameters and allow extracting measurements such as length and curvature at subpixel resolution. The resulting semiautomated image analysis pipeline is implemented in Fiji. 20 The location of nematode extremities is specified by the user at each frame and is sufficient for the active contours to automatically adapt and find the medial axis of each individual. Thanks to a high-temporal resolution, tracking is performed by propagating medial axes from previous frames to the next and reoptimizing the active contours to fit the new image content.
Silicon Master Fabrication and PDMS Chip Preparation
Microfluidic devices were prepared by soft lithography. Briefly, after surface activation (20 min in hexamethyldisilazane vapor) of 4 in Si-wafers, we spin-coated 4 μm of positive photoresist (AZ9260). We then exposed in a hard-contact mode for 16 s (160 mJ∕cm 2 ) and developed with 115-s contact time. After back-side rinsing, we obtained fine structures with 1-μm resolution. Dry etching was achieved with the standard BOSCH process at 25°C, with process time adjusted to obtain the desired height of the structure (etching rate ≈3.5 μm∕ min). Polydimethylsiloxane (PDMS) molding mixture of 10:1 (prepolymer:curing agent) was mixed manually and degassed for 1 h. The mixture obtained was then poured onto a Si-master or spin-coated on a Si master or PDMS slab depending on the desired structure. Curing was achieved by keeping at 100°C for 1 to 2 h. The solid PDMS obtained was then peeled off and cleaned with the following procedure: rinsing with water, 6-min sonication in ethanol, rinsing with deionized water, drying with air-gun. The PDMS chip and its support (a glass slide or another PDMS chip depending on the desired structure) were then plasma-activated (0.2 mbar O 2 , 3.0 mA, 0.5 kV) for 70 s and bonded together.
Microfluidic Calculations
When one considers a pressure-driven flow in a thin channel (width ¼ w ≪ h ¼ height), the ratio of the flow rate Q of the liquid to the pressure difference ΔP causing this flow is the hydraulic resistance and is shown to depend on the geometrical features of the channel as follows:
, where L is the length of the channel and μ is the viscosity of the liquid. For the same pressure difference, the higher the resistance, the lower the flow rate. The Reynolds number is defined as Re ¼ ρvd μ , where ρ is the density of the fluid, v is the flow rate, and d is the hydraulic diameter (i.e., the size of the channel). Re represents the ratio of the inertial to the viscous forces. For our conditions (d < 1 mm, v < 1 μL∕s) Re < 10 −6 , and the inertial forces are negligible. This means, for instance, that the liquids are very stable when changing flow direction or passing around an obstacle. This is particularly useful to well control the flow rate in channels with different shapes and containing obstacles such the one we have used for this project. The Péclet number is defined as Pe ¼ vd D , where D is the diffusion coefficient of the molecules transported by the fluid. Pe represents the ratio of the mass transport due to advection to the one due to diffusion. This value is very high (Pe > 10 4 ) in our conditions (D ≈ 10 −9 m 2 ∕s for small chemicals), which means that the concentration of a chemical species present in the liquid will change mainly by advection.
2.5
Feeding and Drug Administration On-Chip E. coli (for feeding) and drug (for screening) administration were performed in a continuous-perfusion mode by withdrawing liquid from the outlet at >4 nL∕s, with periodic washing-andrenewing cycles (1 per hour) by increasing up to 30 nL∕s in 1 min and decreasing down to 4 nL∕s in 1 min. We designed a microfluidic chip to perform all the following steps: select worm specimens into separated chambers, make them grow from the larval stage to the adult age, and administrate drugs at desired time during the nematode lifespan. The final design of the chip is shown in Fig. 1 . It consists of several long channels divided into chambers by small filters consisting of PDMS posts. Each inlet is meant to be plugged into a reservoir, and the outlet into a syringe. This design is almost completely symmetric to ensure maximum homogeneity in the fluid dynamics in the different paths, which increases the control of the flow rate. We have optimized the geometrical features of the filtering channels to select larval stages of C. elegans and make them trapped into the chambers. Our microfluidic chip is designed to directly select larval specimens from a mixed population. We inject a mixed population from the outlet of the chip until we have the desired amount of worms before the first rank of filters; then we inject the liquid with pulses of 1 to 2 s at 10 to 20 μL∕s. The pulses at very high flow rate make the small channels between the flexible posts expand to allow the larvae to pass-through. This is enabled by the hydraulic compliance of our PDMS posts, which are compressed during the pulses because of their aspect ratio (100-μm high, 70-μm wide) and go back to their shape when the flow stops. After 10 to 20 pulses, the chambers become filled with different populations of the first larval stage, which can develop while remaining isolated from each other (Fig. 1) . This protocol serves to isolate larvae from a mixed population, and gives a much higher screening resolution (1 to 5 worms per chamber) with respect to standard tests on agar plates. The trapped worms cannot escape from the chamber by swimming, and for flow rates <200 nL∕s, the PDMS post do not deform enough to enable worm passage. This is, therefore, an upper limit for the flow rate to be used for feeding and for drug administration. When the adult worms lay eggs, which subsequently hatch, the same pulsating flow protocol can be used to wash away the new larvae, so that always the same worms are kept in the chambers from the beginning till the end of their lifecycle eventually.
Characterization of cross-mixing between channels
As, for this simple geometry, the Reynolds number and the Peclét number (Sec. 2.4) are very low and very high, respectively, the mass transport occurs mainly by advection. To avoid the cross contamination of the different channels, the diffusion and the flow of the drug from a channel to another one must be minimized. For this, we have an imposed flow rate for several fluidic paths using only one syringe, in a very straightforward implementation. Finite-element simulations show that the threshold value for the outflow to prevent cross-contamination should be between 1 and 10 nL∕s (Sec. 5). To verify this theoretical value, we tested the cross-mixing behavior experimentally using inks of different colors on chips with four inlets. We plugged each inlet in a reservoir containing the ink [ Fig. 2(a) ], and withdrew liquid with a syringe from the outlet at several flow rates. Results are shown in Figs. 2(b) and 2(c) . Colored lines are well distinguishable and do not cross contaminate. We can conclude that for a total outflow of 4 nL∕s (corresponding at about 1 nL∕s flowing in each of the four channels), there is no back diffusion of the fluid from the different paths, which is in accordance with the simulated fluidic behavior. To further quantify the diffusion phenomenon on the chip, we studied the behavior of the ink diffusion after completely stopping the flow. We recorded pictures at a different time after stopping a 4 nL∕s outflow [ Fig. 2(d) ]. We observed that the diffusion is very slow and that it takes about 1 h to have a visible change in ink concentration in the first chamber of the adjacent channel. To evaluate the flow rate of the individual channels relative to the total outflow imposed, we measured the time to empty 300-μL wells for each channel: these were found to be within a 6% range, which guarantees very similar flow from all the channels.
Multimodal Imaging on Proof-of-Concept Screens
Combined bright-field and fluorescence imaging for mode-of-action identification: study of an antibiotic
To demonstrate the possibility of long-term mode-of-action analysis, we designed a proof-of-concept fluorescence-reporting assay on doxycycline, an antibiotic known to induce mitochondrial stress. 25 Expression of the heat-shock protein 6 (HSP-6) is induced in the presence of mitochondrial stress, 26 thus we used a C. elegans strain that carried the GFP-gene under the control of the HSP-6 promoter, and the goal was to monitor the growth and the GFP expression of the worms during their development. We treated a part of the worms with doxycycline (treated group), Fig. 1 Design of the chip for worm isolation and multiplexed analysis. Schematic of the microfluidic chip with a single outlet and several inlets and chambers for multiplexed analysis. The worm chambers (i) are separated by small channels (ii) of 100-μm length and 8-to 12-μm width. The height of the structure is 100 μm. Worms are separated into small populations (1 to 5 specimens) during their entire lifespan (iii).
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021205-3 February 2019 • Vol. 24 (2) and treated the other worms with vehicle (control group). Both groups of worms were on the same chip and were treated and imaged at the same time every 20 min for 52 h. Such screens resulted in more than 3000 images, thus, to quantify worm growth and GFP expression for all of them in a robust and automatic fashion, we have developed an image-processing algorithm that runs image analysis on the entire set of pictures. The image treatment aimed at obtaining quantitative information on the developmental stage of the worms (from bright-field images), and on their GFP expression (from fluorescence images).
The analysis of the bright-field images used the contrast between the dark border of the worms and the bright surroundings to segment the nematodes in each image:
1. A gray-scale opening was applied to smooth objects and remove small objects (e.g., dust, isolated bacteria).
2. A minimum-filter was applied to enlarge dark objects such as the border of the worms.
3.
A threshold was applied to select the dark objects only.
4. A binary-opening was applied to select only largeenough objects.
5. The boundary length of these objects was measured.
6. The average perimeter of the worm was considered as being the previous value divided by the number of worms in the image.
The analysis of the fluorescence images used the contrast between the fluorescent body of the worms and the dark background to quantify only the signal coming from the nematodes in each image: 1. A "median" image was calculated by taking the pixelby-pixel median gray value along the axis of time and was subtracted from each fluorescence image to set the background to almost zero.
For each image:
(a) A Gaussian filter (2-pixel radius) was applied to eliminate the small isolated bright objects and to reduce the noise. (b) A threshold was applied: the pixels above the threshold were considered as being the signal, and the ones below the threshold were considered as being the background.
This method provides an effective way to estimate the growth and the GFP expression during the entire lifecycle. Figure 3 shows the performance of this procedure in recognizing the worms in the bright-field images, and in distinguishing the signal from the background in the fluorescence images (i.e., the noise is highly reduced and the background subtracted). We used the contrast-to-noise ratio (CNR) to evaluate the quality of the fluorescence detection: CNR ¼
S−B
ΔB , where S and B are the mean of the signal and the background, and ΔB is the standard deviation of the background; CNR > 3 means very high separation between signal and background. Contrast-to-noise ratio for the fluorescence detection was >10 for all the conditions, with central tendency between 20 and 40 for treated and untreated conditions (Fig. 3) . Worms that were treated with doxycycline showed slower growth and increased GFP expression compared with untreated worms (Fig. 4) . These results indicate that a higher mitochondial stress may affect and delay the development process.
Combined real-time imaging and single-worm
tracking for dose-response assessment and motility analysis: study of an anesthetic
To illustrate the advantage of having (i) few nematode specimens in a chamber, (ii) many chambers to increase the statistics, and (iii) several channels to test different conditions, we performed a motility assay in real time and with a very large field of view (up to ≈1 × 1.4 cm 2 ). We used several concentrations (0, 5, 50, 500, 625, 1250, 2500, and 5000 μM) of tetramisole, an anesthetic. The aim of the assay was to correlate the concentration of the drug with the number of anesthetized worms to trace the dose-response curve for this drug. We injected larval specimens of C. elegans into the chip as described in Sec. 3.1.1, fed them for 2 days to obtain adult worms, and then we administrated the drug for 40 min.
We imaged all the chambers at once using a stereomicroscope with a suitable dark-field illumination to enhance the contrast and make the adult worms appear much brighter than the background (Fig. 5) . We subsequently analyzed the images directly on the recorded video: we counted the number of anesthetized worms per chamber every 10 min from the beginning of the drug administration for 40 min, and then calculated the total percentage per channel (1 channel = 1 concentration). As proposed by Qian et al., 27 the worms were considered as being anesthetized when they displayed coiling or no movement at all. We traced the dose-response curve for this drug using the value of the mean percentage of anesthetized worms at 30 and 40 min after tetramisole injection (Fig. 5) . By fitting the data with a sigmoid function y ¼
1þ10
H slope ðEC 50 −xÞ , we obtained an EC 50 ¼ 72 μM (i.e., the effective concentration that cause half of the total effect) and a Hill-slope ¼ 0.95 μM −1 (i.e., the slope of the curve at EC 50 ). To characterize the paralysis of the nematodes, we have studied their swimming behavior during the administration of tetramisole (200 μM). We tracked the medial axis of each worm over time using semiautomatic recognition of worm body based on splines. 22 To describe the swimming movement, we measured the length of the medial axis (L) and the distance between its extremities (d), and we defined the straightness of the worms as d∕L: which is close to 1 for a straight worm, and decreases when the worm displays coiling. The variation of the straightness over time provides information on the nematode swimming. The results of this analysis are shown in Fig. 6 . Before complete paralysis, the worms display a transition phase during which fast variations of their straightness occur due to a highly accentuated coiling behavior, which confirms previous observations on a similar compound. 27 The slight delay between the behavior of different specimens may be due to individual-specific sensitivity to the compound tested, and demonstrate how the single-worm resolution can disclose subtle phenotypes. 
Discussion
Studying whole organisms can result in deeper understanding of the systemic effects of drugs. C. elegans is a potential candidate for preclinical screening of bioactive compounds because of its large genetic homology with humans, as well as for its simplicity to be genetically modified, and grown in large quantities without expensive costs or ethical issues. Due to its transparency, live optical imaging on this organism is also particularly straightforward.
To enable high-content screens, we have performed multimodal optical imaging coupled with high-throughput imageprocessing on small populations of C. elegans specimens trapped in a microfluidic array. We demonstrated the opportunity to link a phenotypic effect (such as the arrest of growth during development) to an underlying molecular mechanism (such as the increased mitochondrial stress), which is very powerful when searching the biomolecular pathway causing a disease.
By taking advantage of the multiplexing capability of our microfluidic design, we also quantified the dose-response relation of an anesthetic with real time, large field-of-view, darkfield imaging of the entire chip at once, which highly increases the throughput of a step that is performed on any potential drug during the development pipeline, to test its effect and its toxicology.
Finally, we demonstrated the possibility to obtain subtle motility features at single-worm level, which can be used to study the direct effect of drugs targeting muscles or motor-neurons.
Levamisol, for instance, is an FDA-approved isomeric form of tetramisole, which acts as a nicotinic acetylcholine receptor agonist on worm muscles, leading to paralysis. 28 In terms of throughput, the current design can be scaled up and up to 80 chambers can be imaged at the same time with a stereomicroscope when resolution is not a requirement for the assay. However, for higher-resolution imaging, only 1 chamber should be imaged at each time. This matches and, in some cases, even outrates the performance of previously reported platforms for optical analysis of worms in microfluidic chips. [12] [13] [14] [15] [16] [17] [18] These results pave the way to systematic multimodal imaging of living organisms on chip to empower crucial steps of the drug development process, especially when combined with multiplexing microfluidic capability. We simulated the flow pattern in the chip for several values of the total outflow at the outlet. We separated the problem in two steps:
1. Computation of the stationary velocity of the fluid for a given outflow. We assigned a zero initial condition for all the variables, imposed a constant outflow at the outlet and a constant pressure at the inlet.
2. Computation of the stationary concentration of a molecule loaded into one of the inlets at a given concentration, given the velocity field obtained in the previous step. We assigned a zero initial condition for the concentration, four flow-driven inflows at the inlets (with 1 mM at one of them and 0 mM at the other), and an flow-driven outflow at the outlet.
We observe that, for an outflow of about nL/s, a small amount of molecule loaded onto a channel diffuses back into the adjacent channel, whereas at 10 nL∕s there is no crossmixing (Fig. 7) . 
